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Non-equilibrium Thermodynamic Dissolution Theory for Multi-Component
Solid/Liquid Surfaces involving Surface Adsorption and Radiolysis Kinetics

Ray B. Stout, University of California/LLNL
POBox 808, L-631, Livermore, CA 94550

ABSTRACT: A theoretical expression is developed for the dissolution rate response
for multi-component radioactive materials that have surface adsorption kinetics and
radiolysis kinetics when wetted by a multi-component aqueous solution. An
application for this type of dissolution response is the performance evaluation of
multi-component spent nuclear fuels(SNFs) for long term interim storage and for
geological disposition. Typically, SNF compositions depend on initial composition,
uranium oxide and metal alloys being most common, and on reactor burnup which
results in a wide range of fission product and actinide concentrations that decay by
alpha, beta, and gamma radiation. These compositional/burnup ranges of SNFs,
whether placed in interim storage or emplaced in a geologic repository, will potentially
be wetted by multi-component aqueous solutions, and these solutions may be further
altered by radiolytic aqueous species due to three radiation fields. The solid states of
the SNFs are not thermodynamically stable when wetted and will dissolve, with or
without radiolysis. The following development of a dissolution theory is based on a
non-equilibrium thermodynamic analysis of energy reactions and energy transport
across a solid-liquid phase change discontinuity that propagates at a quasi-steady,
dissolution velocity. The integral form of the energy balance equation is used for this
spatial surface discontinuity analysis. The integral formulation contains internal
energy functionals of classical thermodynamics for both the SNFs’ solid state and
surface adsorption species, and the adjacent liquid state, which includes radiolytic
chemical species. The steady-state concentrations of radiolytic chemical species are
expressed by an approximate analysis of the decay radiation transport equation. For
purposes of illustration a modified Temkin adsorption isotherm was assumed for the
surface adsorption kinetics on an arbitrary, finite area of the solid-liquid dissolution
interface. For one of the two models developed, the propagation velocity of the solid-
liquid dissolution interface is assumed proportional to configurational entropy
discontinuity across the interface. Based on this assumption, the derived functional
forms for non-equilibrium rate-thermodynamic force relationships are different from
the near-equilibrium, linear rate-thermodynamic force relationships derived from the
non-negative entropy dissipation requirement used in the classical approach of
Onsager. These analyses of non-equilibrium thermodynamic processes across a
propagating discontinuity, along with other idealized dissolution processes that
depend on surface adsorption and radiolysis kinetics, provide generic dissolution
response functions for empirical and/or regression analysis of data.

Introduction
Most engineering problems involving corrosive dissolution deal with finding a suitable

material that has sufficient corrosion resistance when exposed to the expected
environmental conditions to met or exceed the design requirements. In most design



situations, the materials’ composition is well known, controlled, and stable during
service lifetime. The same, or a similar, state of knowledge is often established for
the environmental conditions. In a difficult classical design situation, the material
selection process may be extended in order to optimize corrosion performance, and
the composition of a potential material may be varied in a narrow sense and tests
performed over a narrow subset of pre-assigned bounding states of the
environmental conditions. The engineering approach is to establish causal
relationships for the rate of corrosive dissolution as a function of the variations in the
solid material's composition and in the environmental conditions. In idealized and
restricted testing cases, and for those situations where an element of good luck plays
a deterministic role, causal relationships for dissolution rate data may be relatively
simple, and provide support for an intrinsic solid-to-liquid species chemical reaction
proposed in a simple stoichiometric relationship. In such cases, this forms and
substantiates the basis for a conjectured understanding and mechanistic theory of
corrosive dissolution for the given material subjected to the prescribed environmental
conditions. However, there are many complex engineering and physically observed
corrosive processes for which relationships of dissolution rate data are not simple
over a wide subset of multi-variations in the material's composition and the
environmental conditions. In these corrosion cases, an applicable generalized
understanding and an applicable mechanistic theory are not readily established, nor
in most cases possible to establish, using mono-causal concepts and relationships
from models and theory of either chemical reaction/transport surface kinetics, or
surface adsorption kinetics, or radiolysis kinetics across a surface. In these cases,
the reasons for the difficulties in establishing an understanding and a mechanistic
theory are usual attributed to a combination, or coupling, of the three classifications of
surface kinetics processes. A general analyses for the coupled kinetics of these three
surface processes has not been completed. An analysis to couple dissolution and
active surface site reactions has been completed[Ref 1], where active sites also
addressed precipitation reactions on the surface. The dissolution developments
herein will not consider precipitation explicitly, along with its host of kinetics and
stoichiometric list of problems. Here, the dissolution developments will extend an
initial step to couple the chemical reaction/transport surface kinetics and the surface
adsorption kinetics that have been proposed for the dissolution response of uranium
dioxide spent nuclear fuels[Ref 2], but some details of that analyses were not fully
completed. For processes involving only these two surface kinetics, detailed analyses
are being completed elsewhere[Ref 3, 4]. The following section contains a brief
theoretical development for dissolution rate response across a multi-component
solid/liquid surface that combines interdependent models and theories from all three
surface kinetics processes. The theoretical results illustrate multi-causal concepts
and relationships from the potential couplings and analytical complexities for
dissolution involving the three surface kinetics processes. However, the results also
clearly demonstrate why it is that simple stoichiometric relationships are often not
experimentally substantiated if the corrosive dissolution processes are coupled to two
or three of these surface kinetics processes. Furthermore, if one performs limited
tests for dissolution rate data over narrow, mono-variations of prescribed controlled
variable conditions for both the material and aqueous compositions, the measured



mono-subsets of test data may be used to conjecture separate mono-casual
relationships in the form of numerical regression models. But the general validity and
application of such conjectures, with respect to understanding, mechanism, and
uncertainty, should be applied with utmost caution as the mono-casual relationships
are not functionally representative of the analytical complexities for dissolution
involving multi-surface kinetics processes. Hopefully, the following analyses will attain
a level of rigor and clarity to provide both sufficient and necessary reasons to support
the statement of caution.

Dissolution Analyses across a Moving Solid/Liquid Interface

Most of the analytical steps in the following are general statements to analyze non-
equilibrium thermodynamic dissolution across a generic multi-component solid and
liquid interface. However, for purposes of specification of an explicit technical and
challenging example in which surface adsorption and radiolysis kinetics are potential
influences on the dissolution rate response, the discussion will sometimes be directed
to explicit features of uranium spent nuclear fuel contacted by a generic aqueous
solution. The objective of the analyses is to obtain function forms for a dissolution
rate that are derived from classical thermodynamic, mechanical, and chemical
processes across a moving solid/liquid phase change boundary. For the
thermodynamics[Ref 5 - 9], the main equation is the quasi-steady rate of energy,
work, and heat conservation relationship across the solid-liquid dissolution interface
with the solid to liquid energy changes written in terms of the thermodynamic internal
energies of the solid and liquid compositions of their initial and subsequent reacted
species. For the mechanics[Ref 10 -14], the main equations are the classical mass
conservation, kinematics of small deformations, stress equilibrium, electric field-
electronic charge, and aqueous radiation-radiolysis species transport equations. For
the chemistry[Ref 15 - 20], the main equations are the list of chemical reactions
idealized as stoichiometric reactants and products for the surface dissolution species,
for the solid site-aqueous species surface adsorption, and for the radiolysis species.
In theory, all of these equations are based on well-known concepts and are equal in
importance. But in practice, the parametric details of these equations are not known
and experimental tests are always required for closure to an application utility.
Particularly when the thermodynamic, mechanical, and chemical processes are
coupled by spatially inhomogeneous surface reactions and when the number of
reactants and products become much over three or four in an environment where
temperature and radiation variations are additional boundary conditions.

Since the analyses considers both a solid and adjacent liquid with a moving surface
of dissolution between them, explicit definitions for the spatial domains of the solid,
the liquid, and the moving dissolution surface are as follows: at time t, the solid body

occupies a spatial volume of points x, denoted by Bg(x, t) with its boundary area of
spatial points x denoted by bg(x, t), the adjacent liquid body occupies a spatial
volume of points x, denoted by By (x, t) with its boundary area of spatial points x
denoted by b (x, t), and the moving dissolution interface occupies a spatial area of



points x, denoted by Bj(x, t) with its boundary line of spatial points x denoted by by(x,
t). For mathematically purposes of writing integral expressions for energy changes,
the area set of points Bj(x, t) will be assigned an arbitrarily small, but finite, unit

thickness dimensions normal to its centered area surface and treated as if it were a
volume set of points between two bounding surface areas in the thickness dimension.
Across this thickness dimension, the field functions are assumed continuous; thus,
the functions can have different values on the two surfaces of the interface. For
example, an electric charge dipole or entropy dipole interface can be analytically

represented and would be defined at points {x, t} in Bj(x, t).

Also, in the following dissolution analyses, each set Bg(x, t), BL(x, 1), or By(x, t) is

assumed materially dense and stochastically continuous, in both the spatial and time
domains, with respect to associated, arbitrary subsets {x, t} of finite size contained in
their respective interiors as well as up to and on their boundaries. Here, stochastically
continuous is a mathematical concept that lets some subsets of the interface area

point set Bi(x, t) be represented as probabilistically contiguous to fractional area

subsets of both the solid and liquid area boundary sets bg(x, t) and br(x, t) for
random sets of time intervals during which a dissolution event occurs.

Mechanistically, this provides the mathematical construct for solid species of Bs(x, t)
on a subset of bg(x, t) to dissolve onto an adjacent subset of b (x, t) and become
liquid species in By (x, t), theréby paésing through the set By(x, t) without a surface
adsorption reaction step. These spatial-time subsets of bg(x, t) and by (x, t) are called
“direct” solid to liquid dissolution subsets denoted by bgy (x, t). The complement of the
“direct” solid to liquid dissolution subsets bgp(x, t) are called “indirect” solid to
interface to liquid dissolution spatial-time subsets denoted by bgy (x, t), and the
points {Xx, t} of bgy.(x, t) identify the subset of stochastic surface areas and time
intervals on surface set By(x, t) that have adsorption surface reactions. At a random
time t, the union, or addition of spatial points in stochastic subsets bsi(x, t) and

bgi (x, t) always equals set By(x, t). Furthermore, for observations of dissolution
kinetics that leave a smooth(non-pitted) surface at typical macroscopic length and
time scales, and which are the assumed conditions for the following analyses of
multi-component solids wetted by multi-component liquids, the active solid state
lattice sites at which dissolution reactions occur must cyclically cover all points x in
set bg(x, t) during a stochastic time interval determined by the dissolution kinetics.
Otherwise, the dissolution reactions would not leave a smooth dissolution surface.

Thermodynamic Energy Equation for a Moving Dissolution Discontinuity

For a moving dissolution surface Bij(x, t), a solid to liquid material phase and
compositional discontinuity exists across time varying spatial area subsets, and these



areas must be represented explicitly in coupling the thermodynamics energies of the
reacting solid, interface, and liquid species. This coupling is made explicit by using
the integral representation for the quasi-steady rate of energy, work, and heat
conservation relationship, and mathematically represents the moving dissolution
surface as a material discontinuity between point sets bg(x, t) through stochastic
subsets of By(x, t) to bL(x, t). The functional terms for the integral rate of change of
energy equation are the thermodynamic internal energy of the solid, per unit mass
density, denoted by the functional Eg( Ns(x, t), Ms(x, t) - Mgo(x), Cs(x, Vs, t)); the
thermodynamic energy of the liquid denoted by the functional Ei( Ni(x, t), M_(x, 1),
CL(x, vL, t)); thermodynamic energy of the interface denoted by the functional Ey(
Ni(x, t), Mi(x, 1), Ci(x, vy, t)); the electric field work during charge(current)

transport[Ref 12] denoted as the vector inner products <Eg(x, t), Jg(x, t) >, <E (X, t),
Ji(x, t) 2, and <E[(x, t), Ji(x, t) > ; the traction-velocity work rates for the solid, liquid
and interface surfaces denoted as vector inner products <Tg(x, t), vg(x, t) >, <TL(X,
t), viL(x, 1) >, and <Ty(x, t), vi(x, t) >; and finally the heat flux vectors hg(x, t), h (x, 1),
and hy(x, t). The function arguments of the internal energy functionals are the scalar
entropy denoted as N(x, t), the small strain tensor denoted as M(x, t), and the
concentration(defined as a row matrix) denoted by C(x, v, t) where the vector v is
the relative diffusion velocity of a species identified with subscripts for the
solid(subscripted S), the liquid(subscripted L), and the interface(subscripted I). The
internal energy of the solid is assumed to have a non-zero initial state of strain Mgg(x)
that results from stored mechanical stress-strain work that potentially influences
dissolution rates of spent nuclear fuels, particularly for metal alloys that may have
fission product and radiation induce damage swelling and/or weld induced stress
zones. The energy rate terms that may occur from body forces and body heat
generation rates are neglected in this quasi-steady rate analyses, this means that the

heat generated by radiation fluxes is explicitly neglected, but is implicitly included in
an environmental temperature dependence.

In order to derive explicitly the area influence of the “direct” and “indirect” dissolution
surface coupling, the integral form of the energy rate equation is written for arbitrary,

but finite subset Bs(x,t)+bs(x,t) of set Bg(x,t)+bs(x,t) adjacent to subset Bj(x,t)
+by(x,t) of set By(x,t)+by(x,t) adjacent to subset Bl (x,t)+b(x,t) of set B (x,t)+bp(x,).
These subsets form a continuous spatial cylinder from the solid through the interface
Bi(x,t) +by(x,t), which is a volume of small thickness dimension that has one surface

adjacent to the solid surface bg(x, t) and the other surface adjacent to the liquid

surface b (x, t), and into the liquid subset B (x,t)+bL(x,t). The rate of energy change
integrals over volumes and surfaces for each of the three subsets has the form [Ref
2,5-11]:



JBS psatES + <ES(X1 t)l JS(Xv t) > dBS + J‘BI platEI + <EI(X’ t): JI(X: t) > dBI
+ IBL pSat EL + <EL(X) t)v JL(Xl t) > dBL +
Jbs psEs (Vs = V)eng + AcEsCsVseng - <Ts, Vg > - hgeng dbs +

by pIEI (VI - V)OnI + ACIEICIVI o - <TI, Vi > - hIOnI de +

I, pLEL (ve=V)eny + Ac E . C v en - <T, v, >-hien db. =0 Eq.1

This energy equation may be simplified to have only surface integrals for the “direct”
and “indirect” dissolution reactions by using a linear functional expansion of the
internal energy with respect to its argument functions of entropy N, strain M, and
species composition C and by using the divergence theorem. The functional
expansion with respect to species composition functions has already been used for
the diffusive transport of chemical potential energy through the surfaces of the spatial
domains. By using the divergence theorem, the electric field work integrands in the
volume integrals can be transformed to the surface integrals provided that: (1). the
electric vector E can be represented as the spatial gradient of a scalar function ®(x,
t), thus the vector set {Es, E;, EL } is replaced by {V®s, V@;, V@, }, and (2). any
transient time rates of change in electric charge density in the volumes are
neglected[Ref 12]. These conditions are commonly assumed in electrochemistry[Ref
9]. The work rate and heat flux terms are assumed small, and therefore neglected, for
slow rates of dissolution freely exposed to atmospheric pressures. However, a
constrained volume dissolution reaction may create significant pressures in the liquid
and solid because of the potential density decrease across the dissolution
discontinuity. From this discussion, the energy rate equation on stochastic surface

subsets bgi(x, t) and bgyr (x, t) across the material phase discontinuity moving at an
averaged velocity V is reduced to:

ijL Ps[ANGEs Ns + AmEs (Ms - Ms, ) + AcEsCs](vs — V)ens
+ pUANECNL+ Am E M + Ag B CL (v —V)en,

+ ps AcsEsCsVsens + pp Ac ELC VL en + Jo(Dgng + D N  )dbg, +



Ibst Ps[ANGEs Ns + AmEs (Ms - Ms, ) + AcEsCs](vs — V)ens
+ ps AcEsCsVseng + p| AcEiCiVienis + Jo(Dgng + Drsnys)
+ pr[An, BN+ Aw ExMy + AGECH (V= V)ens
+ pr[An, Er Ny + Am E(M + AGEGH (Vi — V)ony
+ prAcECivieny + pL Ag ELCLVLen_ + Jo(Dyny, + O N))
+ pUANEL N+ Am ECM + Ac ELCL (v = V)en  dbsp =0 Eq. 2

The first integral of Eq. 2 is descriptive of the internal energy change as the
solid species at an entropy state of Ng, at a strain state of (Ms - Ms,), and at a
chemical potential energy state of AcgEs, dissolve “direct form solid to liquid” at
a mass flux rate of ps(vs — V)ens at points on the moving dissolution boundary

bsL(x, t) and become aqueous species at an entropy state of N_ , at a strain

state of M|, and at a chemical potential energy state of Ac,E. at a mass flux

rate of p.(vL — V)en., plus the energy rate from diffusive transported solid and
aqueous species and the energy from the charge transport(current J) across
the charge layers at the surfaces of the solid and the adjacent liquid. Certainly,
the mass flux at the solid surface must equal the mass flux at the adjacent
liquid surface, and neglecting the diffusive mass fluxes this implies that ps(vs —
V)ens equals p(vL. — V)en,_ ,where the unit normal vector ns of the solid is
directed outward from the solid toward the liquid and the unit normal vector n_
of the solid is in the opposite direction to the ns unit normal vector of the solid.
As the solid dissolves, it will be assumed that the solid particle velocity vs is
zero, thus the dissolution mass rate is — (psVens), which is a positive value as
the dissolution velocity vector is pointed into the solid. If the solid and liquid
density were the same, then the liquid particle velocity would be zero. This is
not typically the case so the liquid velocity v, is not zero in most cases.
However, it may be evaluated for the case of vs equal to zero by equating the
solid and liquid mass fluxes and using ns = - n_ as follows, and the result will be
used later to simplify an equation for theoretical function models of dissolution.

pL(vL — V)en, = pg(vs —V)eng = — ps Veng = pgVen, Eq 3a

vy eng = —Veng — ps VOI‘Is/pL Eq 3b



Chemical Potential Energy and Effective Stoichiometric Coefficients

The chemical potential terms of the solid species in the first integral of Eq. 2 are
for each of the chemical components in the solid, which for a spent fuel would
number in the hundreds when the fission products and actinides are
considered. However, the experimental or first principles’ task of isolating and
assigning a dissolution response to particular, or even a subset of these SNF
chemical components is not presently possible. But using existing classical
thermodynamic forms of the chemical potential function, it is in theory correct to
assign the aggregate variable of spent fuel burnup as a casual metric to explain
some observations in the variations of dissolution test data with corresponding
variation in test samples of different SF burn-up. To derive the dependence of
SF burn-up as an aggregate variable, start with the chemical potential for small
atomic concentrations in a solid state lattice, which is typically given as[Ref 5-9]

Ac:SES = Hs = Hgo T+ kTIn[CS] Eq 4

where L., is the standard state value of chemical potential at a normalized

standard state concentration value of [Cg] normalized to one and “k” is
Boltzmann's constant. The in-reactor fission products concentrations, and most
all actinide concentrations, increase at a linear proportionality with the unit
measure of SF burn-up for a given neutron energy spectrum in a reactor. Thus,
letting the variable Bu denote a measure of fissions per cc of fuel burn-up and
the parameter Kg denote the proportionality constant for a given solid state
fission product or actinide species S, the SF solid state concentration for
species S is given by

[Cs] = Ks Bu Eq. 5

The expression in Eq. 2 for the chemical potential energy of the solid state is
given by AcgEsCs, where the value of Cs is the amount(atoms or moles) of
species S that is reacted per unit of solid mass flux ps(vs — V)ens . If the
variable Cs is normalized by the moles or atoms(per unit mass) of the SF matrix
material Cge that is reacting, then Cs/Cgse defines a set of effective
stoichiometric coefficients cg for the species S in the solid state. Then the
chemical potential energy for the solid state fission products and actinide
species in Eq. 2, combined with Eq. 4 and Eq. 5, can be written as(note that the

term AcgEsCs denotes a summation of the product of the chemical potential for
each species S and an amount Cg of that species over all solid state species):

AcgEsCs= psCs = (U + KTIN[Cg]) Cs = (s, + KTIN[Cg]) €5 ) Csr

= ((Hso + kTIn[KS BU]) Cs ) CSF = (Mso Cs + kTIn[KS Bu]cS)CSF



= (UeoCs + KTIN[Ks]CS + KTIN[Bu]®s) Cgr

= (1e,Cs + KTIN[Ks]CS + {csIKTIN[Bu]) Csr Eq. 6

where the algebraic rules for logarithmic functions were used to show the
coupled chemical potential energy of all solid state burn-up induced species is
linear in In(Bu), as the coefficient {Cs} of kTIn(Bu) is just the sum over the set
of effective stoichiometric coefficients cg for the direct dissolution reaction of a
unit amount Cgr of SF. The same type of analysis can be performed for the
reacted product species of the spent fuel in the aqueous solution. However, the
aqueous solution will not only contain the SF solid to liquid ionic species
denoted by Cg., but in addition the liquid also has the initial state of aqueous
species denoted by Ca, and the aqueous radiolysis species denoted by Ck.
Thus, spent fuel to liquid reaction products from reactions with the SF solid and
the initial state of aqueous species will create new solid-aqueous species Cga.
And spent fuel to liquid reaction products from reactions with the SF solid and
the aqueous radiolysis species will create solid-aqueous radiolysis species Cgg.
Thus, the liquid state composition matrix C, has subsets of species Ca, Cr, Csi,
Csa, and Csg. For only the reacted SF ionic species subset Cg, in the aqueous
solution, a liquid induced burn-up dependence on fission product and actinide
species can be derived analogously to Eq. 6, and is given by:

Acg ELCs1= g Cs1= (usLoCst + KTIN[Ks ]St + {cg }KTIN[BU])Csr Eq.7

where changes in the aqueous reacted product species identities(for example
lattice atoms to ions), solid concentrations (KsBu) to liquid concentrations

(KsBu), and their associated aqueous chemical potentials will occur. Hence,
the subscripts of Eq. 7 are changed to reflect this over the subset of aqueous

effective stoichiometric coefficients ¢s_. and on their associated aqueous
chemical potentials, but the coupled chemical potential energy of all solid state
burn-up induced species dissolved as ions into the liquid remains linear in
In(Bu) for only the direct ionic dissolution reaction of a unit amount Cgg of SF.
However, by controlling the relative aqueous concentrations of these reacted

product species during dissolution testing by variations in the set Kg;, one can
isolate and assign a potential SF species effect to a solid state dissolution
response or an aqueous dissolution response. This assumes that any surface
adsorption and radiolysis kinetics effects can be isolated by testing and are
shown to be negligible in comparison. As will be discussed in the following, the
latter two effects are not readily isolated.

A simplified surface adsorption that is coupled to the dissolution energy rate
can be completed from a reduced form of Eq. 2. For this reduced form of Eq. 2,



it will be assumed that the diffusive transport is not a limiting process, this is a
good assumption for flow-through dissolution tests, so the terms with diffusion
velocity v are eliminated from Eq. 2. In addition, it will be assumed that the
electro-chemical energy contribution can be neglected, so the terms with
charge transport J are eliminated from Eq. 2. This assumption need not be
made, but it greatly shortens the analysis. Finally, the above discussions and
Egs. 3 through 7 are used to re-arrange and write Eq. 2 more compactly as:

J.bSL { [ANELNL+ AmE M. + 3 C ]
- [ANGEs Ns + AmEs(Ms - Mso) + uses Cse] } (ps V)enp dbsi +

'[b'sm { [ANEs Ns + AmEs(Ms - Mso) + pses Csr] } (= ps V)eng

+ [ANEL N+ Am ELM. + 1 C(] (ps V)en

+ pr[AN, ErNi + Am EtM; + AcEC](vi— V)enss

+ pr[AN, EIN; + Am EfM+ AcEC])(vi—V)eny, dbsp =0 Eq. 8

The simplification of Eq. 2 to Eq. 8 still leaves terms that can be reasonable be
neglected and others, such as the two interface terms, mass flux and chemical
potential energy, and the aqueous radiolysis chemical potential energy terms
urCr, that will require additional analyses. For example, the strain energy
densities for the liquid and the interface surface can be assumed negligible at
low pressures. Also, any change in the solid strain Mg from the initial strain
value of Msq(as the solid particle velocity was assumed to be zero at the
dissolution front) will be neglected, but the initial strain energy density of the
solid will be retained. For the mass flux term, consider first that the two
interface terms for surface adsorption processes have unit normal vectors, nis
pointed toward the solid, and ny. pointed toward the liquid; the vector nys is
equal to n. and the ny is equal to minus n.. Secondly, the mass flux across
both surfaces of the interface is equal to solid dissolution mass flux.
Furthermore, the thickness of this idealized interface has been assumed
constant, thus, the normal particle velocity of the interface must be zero. The
interface is attached to and moves with the dissolution front at velocity V.
Based on this, the mass density of the idealized interface must equal that of the
solid. Then, a single mass flux multiplier, psVen, determined in Eq. (3a) can be
used for all terms in both integrands of Eq. 8. This leaves the entropy energy
and the chemical potential energy terms of the interface to simplify. The entropy
energy terms across the adsorption interface are simplified in the context of the

10



previous assumption that assumed dipole-like field functions in the thickness
direction of the interface. Hence, the interface entropy function may have
different values on the two idealized surfaces of the interface. This dipole-like
interface entropy function means that discontinuities across the surface of the
solid and interface and across the surface of the interface and liquid can be
functionally represented. Thus, “thermodynamically reversible” and
“irreversible” adsorption processes can be represented. For these adsorption
processes, imagine one was on the mid-surface of the interface and looked in
the direction of the solid, which is the positive direction of unit vector ng,
stochastic fields of entropy and chemical potential functions associated with the
solid surface and those of interface would be seen. The stochastic fields of
entropy and chemical potential functions of the interface are the existing njs
coefficient terms in the interface integrand. Similarly, if one were looking in the
direction of the liquid, which is also the negative direction of unit vector ng,
stochastic fields of entropy and chemical potential functions associated the
liquid surface and those of interface would be seen. The stochastic fields of
entropy and chemical potential functions of the interface are the existing ny.
coefficient terms in the interface integrand. Thus, the interface has a set of
entropy and chemical potential energies ANIEI N; + AqEC; on the solid side

which will be denoted as positive (ANISEIS Nis + AcEisCis )ne. Similarly, the

interface also has a set of entropy and chemical potentials energies on the
liquid side which will be denoted as negative (Ang En N + Acy EnCp)ne. The

positive and negative values for these energies are assigned because a
common unit normal vector n. is used as a directional attribute to consistently
represent contributions to the values of the integrals from function
discontinuities across moving surfaces. The physical concept is that a
propagating chemical reaction front, i.e., the dissolution phase change process,
has a chemical potential energy change; this chemical energy is transformed
into an entropy energy change so that the net energy change is zero. Hence,
energy is conserved by transformations of admissible subsets of energy as
required by the first law of thermodynamics.

From this discussion, Eq. 8 can be further simplified and re-written as an
entropy energy production integration equal to integrals for strain energy and
chemical potential energy change as the dissolution front propagates at velocity
V as follows:

IbSL {[ANLELNL - ANSEst] ( Ps V)-n,_} dbSL +

'[bSIL{[ANLELN'- = ANy ErNp + AnGErsNis - ANsl'Esl\ls](PSV)'nL} dbsy, =

11



- .[bSL{[HLCL - Am Es(- Mso) - psesCsrl(psV)eni} dbst

- {[weC. - ACILEILCIL

bsiL
+ AciE1sCis - Am Es(- Mso) - sesCsel(psV)en } dbsy, Eq. 9

The above Eq. 9 shows clearly that the entropy energy rate is equal to minus
the chemical energy and strain energy rates as the dissolution reaction front
propagates. Since a chemical reaction only continues to occur for a decrease in
the thermodynamic energy from the initial state(the solid state reactants) to the
final state(the solid direct and indirect dissolution paths to aqueous species
products), the minus sign means that the right-side is positive for solid
dissolution, since (psV)en_ is then positive. For a non-equilibrium Onsager
model, the positive-definite entropy production rate requirement expressed in
terms of the function N and (psV)en. would be used to conjecture a near
thermodynamic equilibrium dissolution model. As an example of an Onsager
model, an initial conjecture might be that the averaged dissolution rate,
(psVave)en;, is equal to a linear coefficient matrix (or a linear functional)
multiplied by the chemical energy and strain energy terms in the square
brackets on the right hand-side of Eq. 9. This type of linear model approaches
zero dissolution rates as the thermodynamic driving force, which in this case
would be the chemical energy of the reaction step, approaches zero. Another
possibility is to assume a non-equilibrium model such that the dissolution
process is far from thermodynamic equilibrium, and that it does not attain
equilibrium until the reactants are consumed. Such a model was assumed for
SF uranium oxide dissolution[Ref 2], and was based on the conjecture that the
thermodynamic driving force was the configuration entropy, rather than the
chemical energy. Both types of models would require experiments to establish
the coefficient matrices, and a subset of effective stoichiometric coefficients for
the reaction steps. This experimental requirement is true for most all non-
equilibrium models that use classical thermodynamic methodologies. Before
any further discussion of these types of non-equilibrium models, Eq. 9 must be
written such that the full set of effective stoichiometric coefficients for the
reaction steps are defined and explicitly identified as per unit mass of the soild.

Previously, sets of effective stoichiometric coefficients, ¢s, were defined for the
solid species, and solid to liquid ionic species products, ¢g|, in Eqs. 6 and 7. A
full aqueous set of effective stoichiometric coefficients, ¢;, would also includes
coefficient sets of initial aqueous species and its reacted solid products, and
coefficient sets of aqueous radiolysis species and its reacted solid products.
The explicit development of set ¢, to include these other reactions will use a
similar conceptual approach to that used for the solid to agueous ionic species
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and will be such that the units are sets of effective stoichiometric coefficients
per unit amount Cgsr of spent fuel. In order to define a set of effective
stoichiometric coefficients for solid species and initial aqueous liquid state
reactions, ¢sa, consider the chemical potential energy change AE for an
arbitrary solid species(of amount Cs = ¢sCgsr) and an arbitrary initial aqueous
liquid state species Ca reaction from which aqueous product concentrations,
Csa, are formed. This energy is expressed as:

AE(Cs + Cp <@ Csp) = AcgaELCsa - (AcsEsCs + Ac,ELCA)

= (AcsaELCsa - (AcsEsCs + Ac,ELca)) Csr Eq. 10

which is the energy change for a stoichiometric reaction of ¢sCsr atoms or
moles per unit spent fuel mass of a solid species “S” with an initial aqueous
liquid species “A” (of amount Ca = caCsg) and forms an aqueous reaction
product species “SA’(of amount Csa = csaCsg). Thus, the set of effective
stoichiometric coefficients {cs, ca, csa} are normalized per unit amount Cgf of
spent fuel. A similar energy equation can be written for an arbitrary solid
species Cs and an arbitrary aqueous radiolysis species Cr reaction to form
aqueous radiolysis species reaction products Cgr, namely;

AE(Cs + Cgr @CgRr) = AcsgELCsr - (AcsEsCs + AcgELCR)

= (AcgrELCsR - (AcgEsCs + AcgELCR)) Cse Eq. 11

which defines a set of effective stoichiometric coefficients {cs, cr, csr} that are
normalized per unit amount Cge of spent fuel. The remaining reactions to
describe and to normalize are the surface adsorption reactions on the solid side
of the interface and on the liquid side of the interface that are expressed in Eq.
9 by the interface chemical potential energies, Ac;gsEisCis and Ac EiCi.. For a
conceptual solid-interface model for solid-interface species Cis, consider an
arbitrary solid species Cg that has a surface reaction with any existing, or
combination of the aqueous species C, in subset {Ca, Cr, Cs. , Csa, Csr} tO
form an interface species Cis. The chemical energy of this generic reaction can
be expressed and normalized similarly to that of Eq. 10, which is:

AE(Cg+ Cp + Cg + Cg + Cgp + Cgr @ Cs) = AcsEisCis - (AcsEsCs
+ACAELCA+ AcgELCr+ Acg E | Cs + AcgpELCsp+ AcsrELCsR)

= (AcisEisCis - (AcsEscst Ac,ELca+ AcgELCr + Acg ELCsL +
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AcspEiCsa+ AcsrELCsr) )Csr Eq. 12

Eq. 12 defines the set of effective stoichiometric coefficients {¢s, ca, Cr , CsL ,
Csa, Csr, Cis} for the solid-interface product species Cis. These coefficients are
normalized per unit amount Cgr of spent fuel because the primary reactant is a
solid species Cs. An energy equation similar to Eq. 12 can be written for the
liquid-interface product species Cj to define its associated coefficients. These
reactions are between the solid-interface species C;s and any existing, or
combination of the aqueous species C in subset {Ca, Cr, Cs. , Csa , Csr},
thus, the chemical energy expression is:

AE(Cg + Cp+ Cr+ Cg + Csp + Csgr < Cy1) = Ac EiCu - (AcisEisCis
+ Ac,ELCa+ AcrEICr+ Acg ELCsi + AcgpaELCsat AcggrELCsr)
= (Ac, Eicn - (AcsEisCist AcjELca+ AcgELCr* Acg ELCs *+

ACSAELCSA + ACSRELCSR ) )CSF Eqg. 13

Eq. 13 defines the set of effective stoichiometric coefficients {¢is, ca, Cr, CsL,
Csa, Csr, Ci} for the solid-interface product species Cis. These coefficients are
normalized per unit amount Csg of spent fuel because the primary reactant is a
member of the solid-interface species Cis. And the solid-interface species Cis
were shown with Eq. 12 to be related to the solid species Cs, therefore, the set
of effective stoichiometric coefficients {cis, ca, Cr, CsL , Csa ; Csr, CiL} are also
normalized per unit amount Cgr of spent fuel.

Surface Adsorption Kinetics and a Generalized Temkin Isotherm

This completes the definitions and developments for the full set of effective
stoichiometric coefficients for all the reaction steps that will be considered, in a
theoretical sense, as contributions to the entropy energy and the chemical
energy across a moving dissolution front of Eq. 9. In a practical sense, and
fortunately for most engineering applications, the number of significant
corrosive dissolution reactions are usually related to only a few additive
element components in the solid and a few component species of the liquid
environment. This leads to the value of a formally derived and intrinsically
consistent theoretical model, which in some cases will have a dependence on
temperature and radiolysis. With such a model, a reasonable and efficient
experimental approach can be planned and performed for sufficient data to
establish empirical values for only a subset of the significant parameters. For
example, a plan of tests designed to evaluate only a subset of the full set of
effective stoichiometric coefficients to isolate the influence of a few components
in the solid and/or liquid, and environmental temperature and radiolysis effects.
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To derive such a model from Eq. 9, the above definitions of effective
stoichiometric coefficients for all the reaction steps must be used in order to
show and thereby clarify the normalized energy change per unit of spent fuel.
Also, the definition of thermodynamic temperature, which is the variation of the

internal energy functional with respect to the entropy function, T = Ay E., will be
used to reduce the entropy energy terms for all energy functionals of the solid,
the interface, and the liquid. Here, it has been assumed that the dissolution
front is moving quasi-steady, so that a uniform temperature across the
dissolution front, solid to interface to liquid, is a reasonable approximation.
Finally, the positive definite strain energy density term Au Es(- Ms,) per unit
mass of the solid will be replaced with the shorten notation of AEg(Ms,)Csr,
which normalizes the strain energy density per unit atom or mole of the solid,

the notation, g and p,, will replace the chemical potentials, Ac;sEisCis and
Acy EiLCy, the notation 1 A, M r> Mgl Hisar @nd [y gg, Will be used to replace
the liquid’s chemical potentials of the separate species subsets as written in
Egs. 12 and 13 (which is equivalent to the notation p,C, used previously in Eq.

9). With the discussed substitutions and notational changes for chemical
potentials, Eq. 9 can be re-written as:

f LT INC-NsT(psVyon } dbs. +
IbsuL{ T [NL - Ny + Nis - Ng](psV)en } dbg. =

- IbSL{[uLAcA + HULReR T+ HrsiesLt Hisa€sat Hisresr - AEs(Mso)
- uses] Csr(psV)en, dbg,

= bSIL{ [Hraca + HirCR + Hrsp€s.t HrsaCsa+ MLsRESR = MILCIL

+ pysCrs - AEg(Mso) - nses| CSF(PSV)°nL} dbgy. Eq. 14

The function form of Eq. 14 has two pairs of surface integrals, one pair over
surface bg, for “direct” dissolution processes and the other over surface bgy for
“‘indirect” dissolution processes. At a practical and applications’ level, an
averaged velocity (Vaye)en; or averaged mass flux (osVave)en, measure of
corrosive dissolution is a minimal requirement to deduce from Eq. 14. Any
additional detailed understanding are requirements to address issues in
understanding, rigor, clarity, and certainty. In view of the latter, note that each
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integral has different functions forms for integrands, however, in the derivations
leading to Eq. 14, the dissolution front and its propagation velocity Ven_ were
assumed spatially continuous at a typical observable length scale(no pitting
assumption). This continuity is not, however, true at micro-scales of length and
time since Veng is potentially very different at point x in subset bg relative to a
neighborhood point in subset bgy . Thus, the point dependent velocity Ven, can
not be factored outside of the integrals. In fact, to perform the integrations, the
stochastic dependence of a surface point x belonging to surface solid subset
bs. or surface interface subset bgy at a particular time or even during a
prescribed time interval is necessary[Ref 4, 21]. This is the fundamental
statistical nature of surface adsorption kinetics[Ref 1, 17-18], and the
integration to couple adsorption and dissolution kinetics is stochastic in that the
probability of a point (x,t) belonging to subset bg_ or subset bgy, is an intrinsic
functional dependence of the integration over the dissolution surface set by,
which is equal to subset bg. plus subset bg; . The detailed mathematical and
mechanistic problems can be resolved by assuming that the stochastic
processes of placing a point (x,t) in subset bg, or subset bgy at some time t are
asymptotically stationary with respect to time intervals on arbitrary observable
time scales[Ref 4, 21]. This assumption is essential to the use of classical
adsorption isotherms, such as a Langmuir, a Freundlich, or a Temkin isotherm,
and to assign the probable proportionality of surface point subsets to the “direct
and indirect” dissolution pathways. As a example, the Temkin isotherm[Ref 18]
will be used to illustrate the coupling adsorption and dissolution kinetics in
Eq.14. The Temkin isotherm is considered a reasonable approximation to
assign indexes gy of probable proportional surface coverage on set by by
adsorption in the mid-range, i.e., away from end points of near zero coverage,
Og. ~ 0, and near full coverage, Bgy, ~ 1. The equation form of a Temkin
isotherm is species concentration dependent, and for a single aqueous species
[C] and a given surface composition, has an analogous form[Ref 18] to that of
the chemical potential functions in Eq. 4, namely:

Osi. = Psio + PsiKTIN[C] Eq. 15

where values for the interface parameters pgs;o and pgy, are usually estimated
from test data for a prescribed surface and a range of solution concentrations.

For this analysis of multi-component solid and liquid concentrations, Cg and

C,, it is assumed that a general, linearly additive(superposition) form of Eq. 15
will adequately approximate a multi-component Temkin adsorption isotherm.
This generalized form, with parameter subsets {psm, Psi, PiLo, PiL}, IS expressed
by:

Osi. ([Cs], [CL]) = psio + PsiKTIN[Cs] + pro + puKTIN[C,]  Eq. 16
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Using Eq. 16, the surface subset bs. and subset bg;; of the dissolution interface
set b will be deterministically proportioned as:

bs. = (1-0g) br and bgy = B¢y by Eq. 17

Furthermore, this implies that the arbitrary surface subset bg; and subset bgj;, of
the dissolution interface subset b, as well as their differentials subsets used in
the integration of Eq. 14, are also proportioned as:

bsL = (1-Osi) br and bgy, = Oy by Eq. 18

The Tempkin isotherm expression from Eqg. 16 can be substituted into Eq. 18,
and this result combined into Eq. 14 to have the entropy energy and chemical
energy represented as a surface integrals over only the arbitrary set b;. In
writing out these changes, the transformation from the entropy state function
N(x,t) to the configuration entropy function Q(x,t), defined as N(x,t) = kIn(Q(x,t))
will also be applied[Ref 7], and using the algebraic rules for logarithmic
functions, Eq. 14 becomes:

'[bl [{ Tk |n[QL/QS.] (psV sL)en } (1-0gn) +
{ TK In[(Q/Qs) (Qus/Qu)I(psVsiL)en} Osy Jdby =
- J- by {[riaca + prrer + Brspesnt HisaCsa t tisresr - AEs(Mso) —

— pses] Csr(psV)eny (1 - psio + psiKTIN[Cs] + pro + pukTIN[CL])
— [meaca + prrer + posiest + HisaCsa t HLsrCsr = M Ci + HisCis - HsCs

— AEs(Mso)ICse(psV)en }(pswo+PsiKTIN[Cs]+pio+prKTIN[CLI)}db; Eq.19

Non-Equilibrium Models for Coupled Adsorption and Dissolution Kinetics

The configuration entropy energy and surface velocity terms in the first integral
on surface by are bounded. And although these terms for “direct and indirect”
dissolution pathways may not be spatially continuous at an atomic length scale,
the mean value theorem of integral calculus can be applied to define an
averaged value of the dissolution interface velocity or, in this case the
dissolution mass flux, such that:
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(PSVAVE) ‘nL{ kT '[b| [{ ln[QL/Qs] } (1- 93|L)+{ ln[(QL/Qs) (Q]s/Qn_)]} OsiL ]db| }

= '[bl [{ Tk In[QU/Qs] (psV sL)en. } (1-6si) +

{ Tk |n[(Q|_/Qs) (Q|s/Q|L)](p3Vs|L)OnL} Os1L ]db| Eq 20

Recalling that the subset by(x,t) is an arbitrary, but finite area b, to rigorously
satisfy any stochastic conditions on area averaging, the mean value theorem of
integral calculus can be applied again to the first term of Eq. 20 to obtain an
averaged configuration entropy defined in the following sequence of steps as:

OsiL
[ IN[(QU/Qs)(Cus/uL) ™1 e br =

(Ogi)

[ IN[Q/Qs] + In[ (s/Qy1)] b, =

Lave
[ ln[QL/QS](1 s, IN[(Q/Qs) (Cus/)] s lae b =
{IN[QU/Qs ]} (1- O )+ IN[(Q/Qs) (Qus/ AT} st e b1 =

{ be K In[Q/Qs ]} (1- 05 )+ IN[(QU/Qs) (Qus/Qu1)]} Osr 1dby } Eq. 21

The same integral operations used to define the above averaged mass flux and
entropy terms can be performed on the right hand-side of Eq. 19. With the
same order in the steps, an average mass flux would be defined first, and it
would be equal to the one defined with the entropy energy integral of Eq. 19,
and an averaged chemical plus strain energy density integrand term would be
defined second. As discussed previously, an Onsager non-equilibrium model
for dissolution rate would use the change in the averaged chemical and strain
energy density function across the dissolution front as an energy non-
equilibrium metric, and would assume that this energy metric is proportional to
the averaged mass flux. This assumption results in a non-equilibrium
dissolution rate model, of an Onsager form, that has the following function
forms:

(psVave)n, = LNCSF{ — [uraca + prrer + HpspCspt HisaCsa t HLsrRCsR
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— AEs(Mso) — pses] (1 - psio + psikTIN[Cs] + pro + pukTIN[CL])
— [pLaca + Hirer + HosiCst t HisaCsat HisrCsr - WLCi + MisCis - HsCs

— AEs(Ms,)] (Psio+PsiKTIN[Cs]+pio+pikTIN[CL])} 0 Eq.22

where the Onsager “coefficient” Ln is positive, and may have a function of
temperature, for example, an Arrhenius dependence may be part of the
coefficient. This dissolution rate model is a linear functional of the chemical
potential functions of the solid and the liquid and an adsorption isotherm. For
low concentrations, these chemical potential functions are typically a
logarithmic function of the multi-component species concentrations in the solid
[Cs] and in the liquid [Cy], and for which the full set of effective stoichiometric
coefficients {cs, €4, Cr, €sL, €sa, Csr, €iL, Cis} Were derived in Egs. 6, 7, and 10
to 13. In addition to the dependence on the chemical potential functions and
stoichiometric coefficients, the dependence on the Temkin adsorption isotherm
is explicitly seen in terms of the Temkin parameter set {psw, Psi, Pio, P} and
the kTIn[concentration]. Notice that for any surface adsorption kinetics at the
interface between the solid and liquid, the reaction pathways for the “direct and
indirect” dissolution processes have different energy pathways. These energy
pathways are functionally represented by subsets of reactions in which the
interface chemical potentials, ppcr and wscis, and their other associated
stoichiometric coefficients explicitly participate. In fact, this interface
dependence will couple by algebraic multiplication the full set of effective
stoichiometric coefficients of the chemical energies and the Temkin parameter
set. Thus, because of this multiplication of chemical potential functions, with
their logarithmic concentration dependence, and the Temkin adsorption
isotherm function forms, with their logarithmic concentration dependence, this
Onsager non-equilibrium dissolution rate model is a full quadratic in logarithmic
functions of both the solid and liquid species’ concentrations.

In addition to the above Onsager non-equilibrium dissolution rate model, which
should be applicable for numerical regression analysis of dissolution data
obtained at near-thermodynamic equilibrium conditions, an alternative non-
equilibrium model will be conjectured from the configuration entropy function Q
of Eq. 21. The conceptual basis of a configuration entropy model is similar to
that used for the Onsager model, which requires that the functional
relationships in the model prevent decreases in the entropy function N for
adiabatic processes. In this non-equilibrium dissolution model, the averaged
mass flux is assumed functionally proportional to the change in configuration
entropy, where the entropy metric is measured by the ratios of the configuration
entropy functions. Thus, the averaged mass flux is functionally dependent upon
the configuration entropy ratios as given in the first line of Eq. 21 by:
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0
(psVave) o, = La [(Qu/Qs)(Qus/Qu) °] AVE Eq. 23

where the “coefficient” L is positive, and may have an Arrhenius function of
temperature. Of course, the use of configuration entropy is not practical in the
sense that no explicit functions forms for the configuration entropy functions,
(2, are readily available as compared to the chemical potential functions of the
Onsager model. However, as discussed above, the steps to derive the
averaged configuration entropy relationship can be performed to the right-hand
side of Eq. 19 for the averaged chemical and strain energy densities. This
would again show that the entropy energy rate is equal to the chemical and
strain energy rate during the dissolution process. However, that entropy energy
is in the N function form, which is In[Q). Thus, the inverse logarithmic
relationship must be applied and Q expressed as exp[-A(interface energy)/KT].
In the case of the configuration entropy ratios of Eq. 23, the function arguments
of the exponential function are the averaged chemical and strain energy
densities of Eq. 22, divided by “kT” [Ref 4]. Thus, the second non-equilibrium
dissolution rate model based on a configuration entropy metric with coupled
surface adsorption and dissolution kinetics has function forms given by:

(osVave)en, = Lo [eXp{(CSF/kT) { — [meaca + pirer + Hrsiest+ HisaCsa
+ prsresr — AEs(Mso) — pses](1 - psio +PsiKTIN[Cs] +pio +prKTIN[CL])
— [Mraca + Hrrer + Ursest + HisaCsa+ HisrCsr - MiLCiL + HisCis = HsCs

— AEs(Ms,)] (Psio+PsiKTIN[Cs] +pro+PukTIN[CLY)} , 0 ] Eqg. 23

This dissolution rate model has an exponential function dependence with an
argument function that is a linear functional of the chemical potential functions
of the solid and the liquid and an adsorption isotherm. Without the surface
adsorption isotherm dependence, this dissolution rate model has more
functional similarities with those used in electro-chemistry corrosion models[Ref
9, 17, 20] than the previous Onsager model. In fact, had the electric dipole
energy term been retained, the function forms would be almost congruent[Ref
4]. For low concentrations, the chemical potential functions are typically a
logarithmic function of the multi-component species concentrations in the solid
[Cs] and in the liquid [C.], and for which the full set of effective stoichiometric
coefficients {cs, €4, €r, Cs1, €sa, Csr, €IL, Cis} were derived in Egs. 6, 7, and 10
to 13. Again, without the surface adsorption isotherm dependence, the
logarithmic argument of the exponential function simplifies to just the argument
of the logarithmic function, which is the species concentration raised to the
power of its effective stoichiometric coefficient. With the adsorption isotherm,
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the coupled dependence of the chemical potential functions and stoichiometric
coefficients and the Temkin adsorption isotherm is explicitly represented as a
multiplication of the Temkin parameter set {pswo, Ps;, Pmo, pw} and the
kTIn[concentration] and the energy densities. As was the case for the previous
Onsager model, notice that for any surface adsorption kinetics at the interface
between the solid and liquid, the reaction pathways for the “direct and indirect”
dissolution processes have different energy along the two pathways. These
energy differences along the pathways are again functionally represented by
subsets of reactions in which the interface chemical potentials, w ¢y and puscs,
and their other associated stoichiometric coefficients explicitly participate. As
before, this interface dependence will couple as the result of this algebraic
multiplication the full set of effective stoichiometric coefficients of the chemical
energies and the Temkin parameter set, but in this case the averaged mass
flux of dissolution is an exponential interface dependence. Also, the
multiplication of chemical potential functions and the Temkin adsorption
isotherm function forms, both of which have their logarithmic concentration
dependence, cause this configuration entropy dissolution rate model to have a
full quadratic in logarithmic functions of both the solid and liquid species’
concentrations as its exponential argument. Thus, if adsorption kinetics are at
all significant in a multi-component dissolution process, it would be most
fortuitous to gather test data over a wide range of control variable test
conditions and substantiate by a regression analysis a mono-casual
relationship for an idealized single step stoichiometric reaction.

In the case of uranium oxide dissolution response, some of the tests where
these types of models are applicable are in Ref. 22 to 26. In Grandstaff, the
dissolution test data were interpreted to have a surface adsorption reaction for
carbonated water solutions[Ref 22]. In the other uranium oxide tests[Ref 23 —
26], which had un-irradiated uranium oxide and spent fuel uranium oxide
dissolution test data, the un-irradiated uranium oxide dissolution rate data were
interpreted to have an simple, and expected, oxygen fugacity and Arrhenius
temperature dependence in carbonated water solutions. However, the spent
fuel dissolution data were significantly different in oxygen and temperature
dependence relative to the un-irradiated uranium oxide dissolution data, and
this led to the inclusion of spent fuel burn-up as an additional causal regression
variable[Ref 2, 24]. No substantiated mechanistic understanding is available to
explain the differences in the un-irradiated uranium oxide and the spent fuel
dissolution data, although some features suggest a surface adsorption
coupling. Other features in these data suggest a radiolysis coupling to the
dissolution water chemistry. A radiolysis coupling to the dissolution water
chemistry will be approximated in the following brief analysis.

Radiolysis Kinetics Coupled to Dissolution and Adsorption Kinetics

The chemical potential functions and Temkin adsorption isotherm expressions
as functions of radiolytic species concentrations [Cgr] have been generically
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included in the two models of Eq. 22 and Eq. 23. The number of potential
radiolytic species created by the gamma, beta, alpha and neutron radiation flux
from spent fuel is significant[Ref 14] and a detailed accounting of them will not
be provided here. For long time intervals before exposure of a spent fuel
surface to an aqueous solution, say several hundreds of years, the only
remaining radiation field that will deposit significant radiation energy at a wetted
surface is the alpha flux field. This analysis of radiolysis is only to derive the
simplest and most ideal case concentration function form. The balance
equations for gamma, beta, and alpha radiation transport for a first order
approximation are the same funtionally as that for neutron transport[Ref 13]. It
is only when numerical evaluations are requested that the details become
primary. The physical concept is that a flux of high-energy particles scatter
down from their initial state of high kinetic energy to a state of lower kinetic
energy by a sequence of collisions. For a high energy radiation flux propagating
through an aqueous solution, the collisions produce radiolysis species by
ionization, which scatters electron(s) beyond the orbital shell(s) of its host
atom/molecule, and by creating electronically excited states, which scatters
electrons within admissible orbital shells of its host atom/molecule. The
concentration of these species influence the local water chemistry and will
augment as well as create oxidation reactions in situations where the nominal
water chemistry would be judged benign. In the previous discussion, the
radiolysis species concentration was denoted as a row matrix [Cgr]. The balance
equation for the rate of change in concentration of a generic species [Cr(x,t)]
with respect to time is given by:

O[Cr)/O t = net transport + flux production — thermal recovery + net scattering

Of the four processes that cause changes in the concentration, only a linear
flux production and a linear concentration thermal recovery with a Arrhenius
temperature dependence will be represented. Thus, the balance equation is:

O[Cr)/O t =pror F — I'r [Crlexp( -Qu/kT) = proF — I'r [Crlexp( -Qr/KT) Eq. 24

where pror F is the flux production rate, and pg is the local source density for
the production of species [Cg], times the cross-section oy for a collision, times
the radiation flux density F, and the recovery rate is, ['r[Crlexp( -Qr/kT), where
I'r is a constant times the species concentration [Cg] times the Arrhenius
temperature dependence exp( -Qr/kT). For a quasi-steady radiation flux, the
quasi-steady state species concentration at the dissolution front is given as:

[Cr(1)] = (pror F(1) /( Trexp(-Qr/kT))= (pror F(t) exp(Qr/kT))/ (I'r) Eq. 25
For a spent fuel with a burn-up of Bu(ty) at the discharge time to, the alpha

radiation flux from the SF actinides at a later time t can be roughly estimated as
F(t) = Kre Bug(t). Thus, the alpha radiolysis species concentration is also SF
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burn-up dependent but with a long half-life decay factor, which for alpha decay
is slow, and is approximately given as:

[Cr(t)] = (PrOR Kro Bua()exp(Qu/kT)/( Ir) = Kero Bua(t)exp(Qu/kT) Eq. 26

Looking at the two models developed in Eq.22 and Eq. 23, the radiolysis
species concentration of Eq. 26 would be used to evaluate the radiolysis
chemical potential function prer times its effective. stoichiometric coefficient

and provides a contribution to the chemical energy changes at the dissolution
front. Using the chemical potential function from Eq. 6, this term is given by:

Hirer = Hrroer + KTIN[Cr(t)] = Hirocr + KTIN[Kcra Bug(t)exp(Qr/KT)]
= MULroCr T QRCR In[KCRa] + Cr kTIn[Bua(t)] Eq. 27

Thus, the radiolysis species, for this approximation, has a SF burn-up
dependence that is functionally similar to the burn-up dependence of the solid
species concentration [Cg] of Eq. 6 and the solid to liquid species ionic
concentration [Cg; ] of Eq. 7. Thus, if one identifies by a numerical regression
analysis over a set of dissolution rate data that a causal dependence exists on
the aggregate burn-up variable Bu, the mechanistic origin of the dependence
would probable require additional dissolution test. Assuming that these tests

were performed in an augmented external radiation field F..(t) that is additive
to the intrinsic radiation field of the spent fuel then, Eq. 27 would be of the form:
HULRCR = MLROCR + QrCR IN[Kcra] + Cr KTIN[Bug(t)] + cr kTIN[Foexe(t)]  EQq. 28

and the radiation field of the dissolution tests could be varied independently
from the intrinsic radiation field of the fuel. This may isolate the aggregate spent
fuel burn-up dependence in the solid from that in the aqueous solution on the
dissolution response in test data. Then, numerical regression analysis[Ref 26]
of these data may isolation causality of any burn-up dependence mechanisms.

Summary

Two theoretical expressions are developed for the dissolution rate response of a
multi-component solid that has surface adsorption kinetics and radiolysis kinetics
when wetted by a multi-component aqueous solution. An application for this type of
dissolution response is the performance evaluation of multi-component spent nuclear
fuels(SNFs) for long term interim storage and for geological disposition. The theory is
formulated for a solid/liquid phase change discontinuity that propagates at a quasi-
steady velocity. The chemical reaction steps occurring at the solid-liquid interface are
assumed to control the rate of dissolution; rather than the rate limited by diffusion to
the solid-liquid interface. The non-equilibrium thermodynamic analysis is primarily
developed from the conservation of the energy rate equation across a solid-liquid
phase change discontinuity. This energy rate equation contains the internal energy
functionals of classical thermodynamics for both the SNFs’ solid state, an idealized
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interface, the adjacent liquid state, and the radiolytic chemical species. Thus, the
derived equations for both dissolution rate responses are not represented in terms of
the Gibb’s thermodynamic potential, which typifies most existing physical chemistry
thermodynamic theories for dissolution rate expressions. There are two primary
assumptions used to derive the two functional dissolution rate expressions. The first
is that the irreversible production rate of entropy across the solid-liquid phase change
discontinuity is proportional to the propagation velocity of the solid-liquid interface.
The second is that the surface adsorption kinetics, which determines the active area
subsets where dissolution occurs, are dependent on some solid-liquid adsorption
isotherm and radiolytic chemical species. For purposes of illustration a modified
Temkin adsorption isotherm was selected. For this case, where the quasi-steady
dissolution rate is dependent on surface adsorption kinetics, there is also an
assumption that the surface density of active dissolution sites is at a thermodynamic
quasi-equilibrium, asymptotically stationary, state. The dissolution rate expression
has a functional dependence on adsorption isotherm kinetics, radiolysis kinetics, and
thermodynamic chemical potentials. For idealized dissolution processes that depend
on surface adsorption and radiolysis kinetics, approximations are made to obtain a
theoretical rate expressions for empirical and/or regression analysis of data. Based
on this analysis, the use of other adsorption isotherms, such as a Langmuir and/or
Freundlich isotherms, should also be considered when conjectures are made to
formulate alternative theoretical rate expressions. The coupled kinetics from
adsorption, from radiolysis, and from dissolution processes provide a challenge to
experimentally isolate, and then assign causal relationships by numerical regression
analyses on available sets of un-irradiated and spent nuclear fuel dissolution data.
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Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48.
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